Modeling preferential flow has been a concern of many academic fields in the past 30 years all over the world and helps to prevent groundwater contamination. A dual-porosity model, MACRO, was evaluated for short-term (less than 2 days) simulation of water flow and non-reactive solute (chloride) transport through the profile of six plots in well-structured Maury silt loam soil. Water flow in micropores is calculated by the Richards' equation while simple gravity flow is assumed in the macropores. Solute transport in the micropores is calculated by the convection-dispersion equation (CDE) while the dispersion and diffusion in the CDE is neglected for the solute transport in the macropores. The applied water and chloride reached the bo�om of the profile during the 2 and 1-hour(s) application periods in studies 2 and 3, respectively. There is a strong indication of macropore flow in this soil. Based on the statistical criteria, the model accurately simulated water flow and solute transport with depth and time in all plots. The mean values of three statistical parameters (coefficient of residual mass, model efficiency, and correlation coefficient) for water and chloride transport were -0.0014, 0.791, 0.903 and 0.0333, 0.923, 0.956, respectively. Preliminary studies showed that the model could not simulate flow and transport well enough with the one-domain flow concept. In the two-domain flow, effective diffusion path-length, boundary hydraulic conductivity, and boundary soil water pressure were the three most important parameters that control flow and transport between the two domains. The effective diffusion path-length represented the structural development with depth in the Maury silt loam soil.
Modelling preferential flow in well-structured soils has been the interest of many academic fields in the past 30 years all over the world to prevent groundwater from contamination. A number of laboratory and field experiments have been conducted to qualitatively describe preferential flow through unsaturated soil and understand the mechanisms that control this type of flow (Quisenberry and Philips 1976 , Bouma 1980 , Hatfield 1988 , Nelson 1990 , Flury et al. 1994 , Quisenberry et al. 1994 , Flury 1996 , Sadeghi et al. 2000 , Ersahin et al. 2002 . Even though many mathematical models have been developed to quantitatively describe preferential flow through macroporous soils (van Genuchten and Cleary 1976 , Skopp et al. 1981 , Chen and Wagenet 1992 , Durner 1992 , 1994 , Hutson and Wagenet 1995 , Mohanty et al. 1997 , Zurmuhl and Durner 1998 , none of them are complete for quantitative description and the incorporation of soil structures into these models. The mobile-immobile region concept of van Genuchten and Cleary (1976) and the application of this concept to a structured soil by Skopp et al. (1981) were two of the earliest attempts to make these deterministic models more realistic by introducing these important soil characteristics into the models. Since the soil structural features affect the transport of water and solute, mathematical models of soil transport processes require the relationship between the structural characteristics of the soil and these transport equations (Quisenberry et al. 1994) .
In mobile-immobile region concept models, the pore system in well-aggregated natural soils, like Maury silt loam, is frequently divided into two domains: micropores (intraaggregate pores) and macropores (interaggregate pores) and each domain has its own water content, conductivity, and flux van Genuchten 1993, Zurmuhl and Durner 1998) . These models have shown promising results for the simulation of flow and transport at the soil column or monolith , Saxena et al. 1994 ), but only a few of these models have been tested or evaluated for field conditions due to the lack of the measured data.
One of these models is MACRO ( Jarvis and Larsson 1998) , a complex physical model for the simulation of flow and reactive and non-reactive chemicals with consideration of shrinkage. The main advantage of modelling is the testing theory or devising new management strategies. Validated models can be useful to understand complex flow and transport processes in the unsaturated zone.
The MACRO model has been tested or evaluated by several researchers for different types of field soils and durations (Jarvis et al. 1991a , b, Andreu et al. 1994 , Jabro et al. 1994 , Saxena et al. 1994 , Jarvis 1995 , Villholth and Jensen 1998 , Jarvis et al. 1999 , Larsson and Jarvis 1999a , b, Armstrong et al. 2000 , Gottesburen et al. 2000 , Roulier and Jarvis 2003a . In these modelling efforts, the model has been tested or evaluated for the long-term simulation of water flow and/or solute and/or pesticide transport under different types of field soils. However, the performance of the model has not been evaluated, as far as our knowledge, for the short-term simulation of flow and transport under field conditions. Therefore, the objective of this study is to evaluate the ability of the MACRO model by simulating water flow and solute (chloride) transport in the profile of six plots of Maury silt loam, a well-structured soil, during a short-time period (less than 2 days) and define critical processes and model parameters governing macropore flow. The model predictions were compared with the measurements of water content and chloride concentration with depth and time to satisfy these objectives.
MODEL DESCRIPTION
MACRO model (Jarvis and Larsson 1998 ) is a detailed mechanistic dual-porosity model of water and solute transport in a macroporous soil. The model is a non-steady state simulation of water flow and solute transport in a one-dimensional (vertical) heterogeneous-layered field soils. A complete water balance is considered in the model, including saturated and unsaturated water flow, canopy interception and root water uptake, and seepage to drains and groundwater. The model can be used to simulate non-reactive tracers (bromide, chloride), tritium, and pesticide transport.
One of the important features of the model is that it can be run in either one (micropore) or two flow domains (micropore + macropore) using the same soil hydraulic properties. This feature of the model helps to evaluate the impact of preferential water flow and solute transport on surface and groundwater in structured soils quantitatively. In the two-domain flow, the total soil porosity in each layer in the profile is divided into two flow regions, micropores and macropores, where each of them has their own water content, hydraulic conductivity, and flux. The interaction of the two regions is represented by a first order kinetic equation. In the one-domain case, the model reduces to the Richards' and convection-dispersion equations (Richards 1931) . The model requires climatic data and physical/hydraulic parameters as input. Since the model is presented in detail elsewhere (Jarvis and Larsson 1998) , we will only describe in detail the parts that are especially related to this study.
Flow and transport equations
The soil porosity is divided into two domains, micropores and macropores, at a given soil water pressure (ψ b ) and corresponding water content (θ b ) and hydraulic conductivity (K b ). Micropores and macropores act as separate flow regions and each characterized by a degree of saturation, conductivity, and flux. The vertical water flow through the micropores in the unsaturated zone is calculated using the Richards' equation:
( 1) where: θ is the water content, K mi is the unsaturated hydraulic conductivity in the micropores, ψ is the soil water pressure, t is time, z is vertical distance, and S w accounts for water exchange between the two domains. The water release characteristic, ψ(θ), and the hydraulic conductivity function in the micropores, K(θ), are calculated by the Brooks and Corey (1964) and the Mualem (1976) 's equations, respectively:
where: θ r is the residual soil water content in the micropores, θ b is the boundary water content (the saturated water content in the micropores), ψ b is the boundary soil water pressure (the pressure at the boundary water content), λ is the pore-size distribution index in the micropores, K b is the boundary hydraulic conductivity (the saturated hydraulic conductivity in the micropores), and n is the tortuosity factor in the micropores.
The vertical water flow through the macropores is calculated by the Darcy's equation assuming a unit hydraulic gradient (laminar flow under gravity, that is, tension is not considered). This approach is numerically equivalent of the analytical kinematic wave model (Beven and Germann 1982) . The unsaturated hydraulic conductivity in the macropores, K ma , is calculated by a simple power-law function of the degree of saturation (Beven and Germann 1981) :
where: K s is the saturated hydraulic conductivity in the whole domain, θ s is the saturated water content, and n* is the tortuosity factor in the macropores.
Water exchange between the two domains, S w , is treated as an approximate first-order process, neglecting the influence of gravity and assuming a rectangular-slab geometry for the aggregates (van Genuchten and Dalton 1986): (5) where: D w is the effective water diffusivity, γ w is the scaling factor introduced to match the approximate and exact solutions to the diffusion problem , d is the effective diffusion pathlength (i.e. half the aggregate width), and θ mi is the water content in micropores. Because the scaling factor does not vary much with the initial water content and hydraulic properties , it is set to an average value of 0.8 in the model.
Solute transport in the micropores is calculated by the convection-dispersion equation (CDE):
where: c is the solute concentration, D is the dispersion coefficient, D v is the dispersivity, D 0 is the diffusion coefficient in free water, v mi is the pore water velocity, f* is the impedance factor (the constant), q is the Darcy water flux density, and U e is the mass exchange between flow domains, respectively.
The solute transport in the macropores is calculated by neglecting the dispersion and diffusion in the CDE so that convective transport is a dominant process in the macropores. The diffusive exchange of solute between the two flow domains and the convective fluxes of water and solute into the micropores are considered in the model. The exchange rate of solute between the micropores and macropores, U e , is calculated by a combination of diffusion and convection (Jarvis and Larsson 1998) .
Boundary conditions
The boundary condition at the soil surface is very important in the two-domain model because it controls the partitioning of precipitation between macropores and micropores (Beven and German 1981) . The model routes water into surface-vented macropores if the rainfall intensity exceeds the saturated hydraulic conductivity in micropores and soil water pressure is greater than the pressure at saturation at the soil surface. The surface boundary condition is chosen not to have over-saturation in the micropores and partitions the net precipitation R into an amount taken up by micropores (I mi ) and an excess amount flowing into macropores (I ma ). These conditions are expressed mathematically in the model as:
I mi = R, I ma = 0 for R = < I max (8)
where: I max is the infiltration capacity of the micropores. The model has five options to describe the bottom boundary condition for water flow: constant hydraulic gradient, zero flux, constant pressure head, a water table in the profile, and a lysimeter with free drainage. A lysimeter with free drainage was used in our studies as bo�om boundary condition.
MATERIAL AND METHODS
Field data for the study Quisenberry and Philips (1976) conducted three experimental studies on the Maury silt loam soil in Kentucky to study percolation of surface-applied chloride-tagged water under field conditions. The top 90 cm of the profile at the experimental site may be described as follows: dark brown, very friable silt loam with moderate granular structure at the surface 30 cm and reddish brown, friable, silty clay loam with moderate blocky structure between thirty and 90 cm. The Maury silt loam site was under bluegrass (Poa pratensis) for 5 years, but the grass was clipped very close to the soil surface before the initiation of the experiments. Six plots (two plots for each study) on a nearly level land (0-1% slope) were prepared by enclosing an area of 213 cm square by boards placed 5 cm into the soil to prevent runoff and lateral movement of water from the plot area.
Water-tagged chloride, with the application rate and concentration of 4.14 cm/2 h and 4610 µl/L for the studies 1 and 2 and 2.16 cm/1 h and 5849 µl/L for the study 3, was applied to the surface of each plot by hand with a wide-nozzle garden hose. The water flowed by gravity from an elevated barrel, as a result, the rainfall intensity decreased slightly with time as the water head decreased. The application rates were approximately the same (4.14 cm/2 h for the studies 1 and 2 and 2.16 cm/1 h for the study 3) for three studies. Ponding was never observed in
any of the plots. The distribution of water content and chloride concentration was measured periodically from immediately after water application ceased until approximately 30 hours later with depth (13 layers) in 90-cm profile using the samples collected at the desired depths with a 2 cm diameter auger soil sampler. The details on the frequency of measurements and depths of sampled layers are given in the Results and Discussion section. Additionally, the initial water content and chloride concentration, bulk density, and field capacity were measured for each plot. The major difference among the three studies was the initial water content to determine the effect of the initial water content on water flow and solute transport in this well-structured soil. The initial water contents of the studies 1 and 2 were similar in the surface 40 cm, whereas the initial water content of the study 2, conducted 5 m away from the study 1, and was approximately 5% greater than that of the study 1 below the 40 cm. The study 3 had higher initial water content throughout the profile. Table 1 gives the particle size distribution with depth for Maury silt loam soil (for the site and experimental details see Quisenberry and Philips 1976) . model calibration. The parameters, which are critical to the flow and transport processes and have little experimental information, were selected as input parameters for the sensitivity analysis so that reasonable estimation could be made for the calibration process. The output parameters in the sensitivity analysis were the water content for the soil hydraulic parameters used in the model and chloride concentration for the solute transport parameters at the 7 th layer of the profile for 3 h (including 2 h application) simulation of 4.14 cm chloride-tagged water (4610 µl/L).
Model parameterization
Input parameters used in MACRO model simulations may be divided into three groups: those parameters obtained from direct measurements, the parameters obtained from general knowledge or literature sources, and those that are directly calibrated by a comparison of simulated and measured state variables. The parameters that were directly measured were: soil water retention data; hydraulic conductivity as a function of water content; initial soil volumetric water content and solute concentration; bulk density; saturated water content; the day, number, amount, beginning and end of irrigation (actually user defined); and solute concentration in irrigation water. The parameters that was either known or estimated from the literature were: initial soil temperature, excluded volumetric water content, and diffusion coefficient in free water. Effective diffusion pathlength (or aggregate half-width) was inferred from physical properties (particle size distribution) of soil and literature values (Villholth and Jensen 1998 , Larsson and Jarvis 1999a , b, Roulier and Jarvis 2003a . Saturated hydraulic conductivity was estimated from the report of Romkens et al. (1985) . The parameters that were directly calibrated by a comparison of simulated and measured state variables were: boundary hydraulic conductivity, tortuosity factors in macropores and micropores, dispersivity, and mixing depth. In addition, the parameters of boundary pressure potential, boundary water content, residual water content, and pore size distribution index in micropores were derived by fitting model functions to measured soil hydraulic properties.
Since soil water retention data was not measured in the study of Quisenberry and Philips (1976) , it was obtained by the modification of the measured data of Romkens et al. (1985) based on the saturated water content and field capacity. When water content is larger than the boundary water content, the pressure is calculated assuming a linear function 
Sensitivity analysis of the MACRO model
Sensitivity analysis is the testing of the response of model output to variations in selected input parameters. Sensitivity analysis helps to determine the relative sensitivity of the output to changes in input parameters of the model. The identification of sensitive parameters helps us in selecting the most appropriate parameters for
(10) When the water content is smaller than the boundary water content, the pressure is calculated with the Brooks and Corey (1964) 
(11) A�er the boundary pressure potential and corresponding water content were estimated visually from the water retention curve for each layer, water-retention was fi�ed to the data in MATLAB by using the Brooks and Corey (1964) equation (11) to obtain the values of residual water content and the pore size distribution index in the micropores. If the water-retention data was not fi�ed accurately, a different boundary soil water pressure and corresponding water content was chosen from waterretention curve until the retention data was fi�ed.
When water content was larger than the boundary water content, a simple power law function
was used to fit measured conductivity-water content relationship. The tortuosity factors in macropores, n * , and micropores, n, were used as fitting parameters.
A�er the simulation of water content with depth and time in each plot, the measured chloride distribution was simulated. Three parameters affected solute transport in the model: 1) excluded volumetric water content, 2) dispersivity, and 3) mixing depth. Excluded volumetric water content due to anion exclusion was not measured for the site, but it was mostly assumed to be zero in the literature. Besides, Thomas and Swoboda's (1970) determination excluded volumetric water content as less than 4 and 6% for Amarillo sandy loam and Llano Vermiculite soils from Llano and Hale Counties in Texas, respectively. Therefore, we assumed no anion exclusion in the profile. The dispersivity and mixing depth were directly calibrated by fitting the model's prediction to the observed data. The diffusion coefficient in free water was set to 4.6e -10 m 2 /s from literature for each plot.
Model evaluation
The performance of the model for the simulation of the measured water and chloride distribution was evaluated using both the graphical displays of measured and model results and statistics. The statistics tool (coefficient of residual mass, CRM, and model efficiency, EF) developed by Loague and Green (1991) were used in this study and can be described as: (13) (14) where: P i and O i are predicted and observed values of water or chloride for the i th layer respectively, and -O is the mean of the observed values. If the total amount of water or chloride from the model is equal to the measured amount, CRM is zero. Negative or positive values of CRM indicate the under-prediction or over-prediction of the measured data, respectively. The maximum and ideal value of EF is 1.0, while a negative value of EF is an indication of a poor fit. In addition, model values are regressed versus measured data and correlation coefficient, R 2 , is used to determine the goodness-of-fit.
RESULTS AND DISCUSSION
Even though water and chloride distribution in the profiles of six plots (two for each study) at different times following the application were simulated in this study, the results of the first plot of each study are presented graphically in Figures 1-3 . However, the percent recovery of applied chloride-tagged water and statistical evaluation of the model performance at different times for three percolation studies are given in Table 2 . An application of 4.2 cm of chloridetagged water in both the field and model increased the water content and chloride concentration to the 90 cm depth within 1 h following the application even though the volumetric water content was 5% below the field capacity through the profile of plot 1 of the first study (Figure 1) . Although the applied water and chloride was recovered by the model completely in the profile all times following the application, the measured water and especially chloride were lost from the profile at corresponding times ( Table 2 ). The applied water and chloride could not be recovered by the measurement and model in the profile of plot 2 of the first study at all times.
In the second study conducted at a slightly higher initial water content, the results revealed that 20% of a 4.2 cm applied water penetrated below 90 cm immediately after application, and 40% penetrated below 90 cm within 1 h in plot 1 (Figure 2) . A great amount of water and chloride could not be recovered by the measurement and model with time in the profiles of plots 1 and 2 of the second study ( Table 2) .
The results of study 3 also revealed that a large percentage of the applied water moved below 90 cm in a short period of time. Measured and model water and chloride also reached the bottom of the profile of plot 1 during the 1 h application period (Figure 3 creased from 110 to 22% within 24 hours following the application in plot 1, the model recovered 90 and 54% of applied water at the corresponding times (Table 2 ). This is a strong indication of preferential flow in this soil. Figures 1-3 show that the relative increase in chloride with depth corresponds very well with the increase in water content. This indicates that the increase in water content throughout the profile was due to the applied water moving through the profile and not displacing the initial water. If the relative increase in chloride did not correspond to the increase in water content, the displacement of antecedent soil moisture in the soil matrix with the applied water would be relatively high (Quisenberry and Philips 1976) . Quisenberry and Phillips (1976) calculated the displacement as 3 and 15% for two studies in Maury silt loam soil. This indicates that the applied water displaces little of the initial water during percolation. If there were a 100% displacement of applied water with the antecedent soil water, chloride-tagged water would reach the depth of about 4.5 cm (4-5 cm) and would not be distributed throughout the profile. The increase in water content representing the increase in chloride concentration in all studies strongly indicates that little displacement occurred in the profile during percolation of the applied water. The differences in soil water percolation for the three studies might be attributed to the initial water content profiles in relationship to the field capacity. Study 1 retained approximately 100% of the applied water throughout the initial 24 hours; whereas study 2 lost a significant amount within 1 h. A smaller application in study 3 with a higher initial water content in relationship to field capacity resulted in nearly 50% loss in 2 hours from the 90 cm profile. These results strongly indicate that water can readily pass through the soil even when the soil water content is significantly below field capacity (Quisenberry and Philips 1976) . Results of the model performance analysis are presented in Table 2 . Although the model underpredicts (CRM < 0) the measured water 52% of the time in all plots, it under-predicts the measured chloride in 38% of the time. The model could not simulate water distribution 8 hours following the application in plot 2 of the third study because EF < 0. The 25% of the correlation coefficients, R 2 , between measured and model water and chloride in the profiles of all plots for different times are above 0.90 (Table 2 ). In general, the model predicts water and chloride distribution in the profiles of all plots for different times acceptably well because EF is approximately 1. Quisenberry and Philips (1976) calculated the coefficient of variation of chloride with a depth at 2 and 24 hours following an application of 2.16 cm of chloride-tagged water in study 3. The coefficient of variation increased with increasing depth from the surface to approximately 15 cm and remained relatively constant from 15 to 90 cm. This abrupt change in coefficient of variation at a specific depth was attributed to a change in the nature of the soil pores conducting water. The surface 15 cm of Maury silt loam has a high organic matter content and porosity, hence, water moves somewhat as a front through the soil rapidly. Below the 15 cm water percolates deeper into the profile through isolated channels. Therefore, two different flow phenomena were observed in the Maury soil: Darcy and preferential flow at the top 15 cm-depth and preferential flow below that point.
The values of parameters should be chosen in such a way that they represent these two types of flow phenomena in the profile of Maury silt loam soil. The model represents these flows by using the two-domain flow concept. Based on the concept, all water should flow through micropores for flow to be complete micropore flow (uniform flow) and through macropores for flow to be complete macropore flow. Since both pore systems operate in any field soil, as in our case, the right combination of these two flows is very important for accurate simulation of flow and The results of the sensitivity analysis are presented in Figure 4 . The model seems to be sensitive to the parameters of the effective diffusion pathlength and boundary hydraulic conductivity compared to the parameters of boundary soil water potential, tortuosity factor in macropores, and mixing depth. However, dispersivity is generally insensitively relative to the selected model output.
The soil hydraulic parameters used in the model for the simulation of flow and transport in Maury silt loam soil are presented in Table 3 . In MACRO model, the total soil porosity is divided into two regions, micropore and macropore, at a boundary soil water pressure on the water-retention curve. Since there is no certain rule to apply soil to soil to define the division point, this must be done by trial and error to accomplish the simulation. The fi�ing process should continue until the model and measured water retention data fit. Since the model differentiates soils by the parameters obtained from fi�ing its soil hydraulic functions (water-retention and conductivity curves), an accurate fit of these functions through the correct values of the boundary soil water pressure and corresponding water content is really critical for acceptable model simulations. The boundary soil water pressure was constant with depth and plot (Table 3) . In similar simulation studies, Saxena et al. (1994) , Andreu et al. (1994) , Jarvis and Larsson (1998) , Jarvis et al. (1999) , Larsson and Jarvis (1999a) , Armstrong et al. (2000) , and Roulier and Jarvis (2003b) used the values of -12, -10, -12, -10, -10, -10, and -10 cm (average with depth) for the boundary soil water pressure in long-term studies conducted on a clayey, clayey, clayey, silty clay over clay, clayey, clayey, and clayey soil, respectively, which are pre�y close to our value (-7 cm).
Water and chloride move more uniformly above the 15-cm depth due to more uniform distribution of soil pores, but non-uniformity in soil pores (effective soil structure) below that depth causes water to flow rapidly through the macropores. Water might flow either through the micropores, macropores, or the combination of the two. We have explained so far that the boundary values between micropores and macropores control the type of flow. However, the parameter of the effective diffusion pathlength or aggregate half-width also controls the type of flow by exchanging the water between the two domains. The effective diffusion pathlength is one of the most significant parameters in the model because the amount of exchange of water between the two domains is directly related to the inverse square of it (equation 5). The sensitivity analysis of the model also shows the significance of this parameter (Figure 4) . Very small values of the effective diffusion pathlength near the surface layers and large values of it for the bottom layers have been set in the model, which transition section takes place between the two regions. The diffusion pathlength varies with depth but constant with plot (Table 3) . Similarly, Larsson and Jarvis (1999a) and Armstrong et al. (2000) used the values of 210 and 150 mm (average with depth) for the effective diffusion pathlength in long-term studies conducted on clayey soils, Table 3 . Soil hydraulic parameters used in the model simulations for Maury silt loam respectively. The larger values of diffusion pathlength in their study compared to ours might be expected because soil structural development is more prevalent in a clayey soil. Because of the high organic matter and porosity, the saturated hydraulic conductivity is very high near the surface. However, since the inter-aggregate pores are mostly effective in the flow processes, relatively smaller values of the conductivity are used for the lower depths. This is supported by the boundary hydraulic conductivity values being very small at the corresponding depths. Since the boundary hydraulic conductivity values are larger at the lower depths, the saturated hydraulic conductivities are smaller. The saturated hydraulic conductivity varies with depth but constant with plot (Table 3 ). In long-term studies conducted on a clayey, clayey, clayey, clayey, and repellent sandy soil; Saxena et al. (1994) , Andreu et al. (1994) , and Larsson and Jarvis (1999a, b) used the values in the range of 50-200, 2-300, 5-200, 20-200 , and 66-100 mm/h for the saturated hydraulic conductivity, respectively. The large variation of saturated hydraulic conductivity in the profiles of the soils might be the result of the wide range of macropore channels throughout the profile in these soils.
Macropore flow may not occur when the boundary hydraulic conductivity is greater than the application rate. The higher boundary conductivity causes the more micropore flow or less macropore flow. A small increase in the boundary hydraulic conductivity caused the higher retention of water in the profile at earlier times but small changes at later times. The decrease in the boundary hydraulic conductivity forced water to flow through the macropores, therefore, less water was retained in the profile. The mean values of six plots for the boundary hydraulic conductivity with depth are given in Table 3 . The small values of boundary hydraulic conductivity (0.01-0.1 mm/h) to a depth of 15 cm and larger values (0.1-10 mm/h) below that point were set in the model. Since the soil structure or inter-aggregate pores below the 15-cm depth was clearly defined, water might readily flow through the macropores. In long-term simulation of water and solute/pesticide transport through the profiles of clayey, sandy, clayey, silt loam, clayey, silty clay over clay, clayey, and clayey soils, Jarvis et al. (1991b) , Saxena et al. (1994) , Andreu et al. (1994) , Jarvis (1995) , Jarvis and Larsson (1998) , Jarvis et al. (1999) , and Armstrong et al. (2000) used the values of 0.05, 0.01, 0.1, 0.1, 0.1, 0.1, 0.1, and 0.05 mm/h (average with depth) for the boundary hydraulic conductivity, respectively, which are similar to our values (Table 3) .
The pore size distribution index in the micropores (λ) changes with depth and plot, but the average of the six plots is given in Table 3 . Even though there is no clear cut pattern for the distribution of the pore size distribution index, it seems to increase up to the depth of 15 cm and decrease below the 45 cm. Saxena et al. (1994) , Andreu et al. (1994) , Jarvis (1995) , Jarvis and Larsson (1998) , Jarvis et al. (1999) , Larsson and Jarvis (1999a, b) , and Armstrong et al. (2000) used the values of 0.1 and 0.8, 0.04, 0.17, 0.1, 0.05, 0.05, and 0.06 for the pore size distribution index in the micropores in studies conducted on a sandy and clayey, clayey, silt loam, clayey, silty clay over clay, clayey, and clayey soils, respectively.
After the simulation of water content with depth and time in the profile of all plots, the chloride distribution was simulated. We assumed no excluded volumetric water content due to the anion exclusion in the profile of six plots. Roulier and Jarvis (2003b) used the value of 5% for excluded volumetric water content in a soil with similar clay content. Since both the dispersion and the pore water velocity are directly related to the characteristics of the large continuous pores and these characteristics of the pores change from space to space in soils, the value of the dispersivity should change as a function of the space. However, the model allows us to enter the mean value of the dispersivity with the space. The dispersivity was set to 50, 10, 50, 50, 10, and 10 cm for plots 1 through 6, respectively, which is relatively high. The large value of the dispersivity means the more macropore flow or less retention of chloride in the profile. The value of mixing depth affects the solute transport only at the surface depth. The large value of mixing depth means the more displacement of antecedent soil water with the applied water, therefore, the more retention of chloride in the surface layer. The mixing dept was set to 0.0001, 0.001, 0.0000001, 0.0001, 0.8, and 0.6 mm for plots 1 through 6, respectively, which is relatively low.
